Hybrid composites of polypropylene (PP)/sodium montmorillonite (Na-MMT)/short polyamide fibers (PAfs) were prepared by reactive melt mixing in a Brabender plastograph. To enhance filler interactions within polypropylene, a functionalizing agent (FA) and a coupling agent were added to the Na-MMT and PAfs, respectively. An organic peroxide/sulfur mixture and tetramethylthiuram disulfide as an activator for sulfur were used to functionalize Na-MMT; on the other hand, the PAfs surface was treated using stearic acid. The aim of this study is to investigate how the morphology and the structural properties of 3, 5, and 7 wt% recycled functionalized sodium montmorillonite nanocomposites (f-Na-MMT) are affected by the presence of 5 wt% treated short polyamide fibers (t-PAfs). According to the obtained results, 5 wt% recycled f-Na-MMT/5 wt% t-PAfs/PP hybrid composite showed Na-MMT layers exfoliation. The nucleating effect of f-Na-MMT and t-PAfs was indicated by the differential scanning calorimetry (DSC) measurements. Morphological analysis of the hybrid composites was performed using scanning electron microscope (SEM) and optical polarized microscopy (POM), showing a good dispersion of the fibers with an interesting interfacial adhesion between the PP and t-PAfs phases. Hybrid composites of PP/f-Na-MMT/t-PAfs are considered for automotive industry.
Introduction
The increasing demand in recent years for new lightweight, recyclable, and performing materials has guided the search for reinforced polymer systems [1] . Polymers are traditionally reinforced with synthetic or natural inorganic fillers in order to improve their properties and reduce their costs [2] . Commonly used fillers are clay, talc, mica [3, 4] and fibrouslike glass, carbon fibers, aramid, and jute fillers [5, 6] . In order to improve or modify certain thermomechanical properties of polymers for specific applications, composites based on short fibers reinforced polymers find increasing applications in engineering and consumer products [7] . Increasing the adhesion between fiber and polymer matrix is one of the most effective ways to increase the degree of reinforcement by fibers [8] . Numerous studies have been reported concerning the enhancement of the interfacial interaction between the polymer/fibers phases [9] [10] [11] [12] . On the other hand, nowadays we are witnessing increasing use of nanoscale composites that can enhance selected properties of related polymers [13] . Nanocomposites based on clay and layered silicates have been most widely investigated [14] . Montmorillonite (MMT) is one of the most used layered silicates. It is a 2 : 1 aluminosilicate, which is formed by two silica tetrahedral layers shared an octahedral sheet of aluminium or magnesium hydroxide [15, 16] . Stacked between the two layers is a regular Van der Waals gap called interlayer space or gallery.
Currently, the melt mixing is the most widely used method for preparing clay/PP nanocomposite [16, 17] . The clay is incompatible with most polymers due to its strong hydrophilic character. Thus, a direct melt mixing of both components is not realizable. To overcome this difficulty, as a first step, the surface of the clay has to be modified by using an organophilic agent, thus giving rise to the socalled organophilic clay or organoclay [18, 19] . On the work conducted by Kawasumi et al. [18] , a new approach to prepare organoclay/PP nanocomposite has been reported, in which they expected to use a compatibilizer between the matrix and 2 International Journal of Polymer Science filler [19] . In that approach, nanocomposites were prepared by melt mixing due to its lower cost than the in situ polymerization method [20] . The research work of Toyota Company's research center developed the formation of organoclay/PP hybrid composites by direct melt mixing. The organoclay used in their study was montmorillonite (MMT), and the PP used was PP grafted with maleic anhydride (PP-g-MA) or hydroxyl groups with the aim of facilitating exfoliation and improving properties [19, 21] .
Our laboratory developed a new route based on reversibly crosslinking reactive extrusion, which is applied for both the crosslinking of PP and the development of iPP/clay nanocomposites [22, 23] . The developed method consists on the preparation of a functionalizing agent, capable of exfoliating the raw clay without any restricted working conditions; then the functionalized raw clay/PP nanocomposite was prepared by reactive melt mixing [24, 25] . Production of hybrid polymer composites systems based on fibers and nanoclay has shown recent achievements and activities. Eslami-Farsani et al. [26] studied the effect of nanoclay/basalt fiber on the mechanical properties of polypropylene. The authors proved that the presence of the layered structure in basalt fiber/propylene composite improved the interfacial adhesion of nanoclay and the fiber, therefore, improving the mechanical properties of composite. Chowdary and Kumar [27] analyzed the mechanical and morphological properties of nanoclay/S-glass fiber/polyester hybrid composite, in which they studied the effect of nanoclay content on S-glass fiber/polyester composite. The obtained results of their study showed that the incorporation of nanoclay had a significant effect on the mechanical behavior of composites. Several researches focused on this type of composites mainly processed by the combination of fiber with clay fillers in the same polymer matrix due to their easy availability and their low cost and also to enhance the physical and mechanical composites properties [28] [29] [30] .
Development of hybrid composites based on polypropylene/clay/short polyamide fiber for the purpose of obtaining a lightweight and recyclable material which achieves strong interfacial interactions between filer and matrix, fiber dispersion, and clay layer exfoliation in PP matrix is the topic of this study.
The recycled 3, 5, and 7% f-Na-MMT/5w t-% PAfs/PP hybrid composites were prepared by reactive melt mixing in a Brabender plastograph. The microstructure and thermal properties of f-Na-MMT/t-PAfs/PP hybrid composites were studied. Fourier transform infrared (FTIR) and wideangle X-ray scattering (WAXS) were used to investigate the obtained hybrid structure. Morphological study of different composites was determined by scanning electron microscopy (SEM) and optical microscopy (OM). The melting and crystallization process of composites were tested by differential scanning calorimetry (DSC). The obtained results indicated that 5 wt% f-Na-MMT nanocompositions showed Na-MMT layers exfoliation, also a good dispersion of the treated fibers and an adhesion between the two polymer phases was observed. Automotive components (bumpers, stepassist) can be produced using f-Na-MMT/t-PAfs/PP hybrid composites; therefore, a mechanical study is recommended in order to test the mechanical properties of the obtained materials in this present study. 
Materials and Methods

Composites Preparation.
The different composites were prepared in Brabender plastograph mixer using twin Roller blades at mixing temperature of 190 ∘ C and rotor speed of 60 rpm during 20 minutes and, then, compressed into a dreher-type Brabender. The different composites were grinded before undergoing the diverse tests. The films were prepared by compression molding using a CARVAR manual press between hot plates at 200
∘ C and at a pressure of 2 MPa for 8 min. A quench was applied to the films from the melt to room temperature.
f-Na-MMT/PP Nanocomposites Preparation.
A series of composites have been studied consisting of different content of the f-Na-MMT (3, 5, and 7 wt%)/PP. Different composites were prepared using a conventional method [24] . Functionalizing agent (peroxide, sulfur, and accelerator)/dried Na-MMT were mixed together in the solid state, in which the functionalizing agent (FA) was added in a concentration of 1/10 of the clay. The formulations are as follows: the sulfur concentration (in wt%) was equal to that of peroxide, and the accelerator was 1/4 of the sulfur or peroxide concentration.
PP was incorporated into the Brabender plastograph chamber firstly, and then the mixture Na-MMT/FA was introduced as soon as torque indicated melting of the polymer (about 2 min).
Crosslinked PP (PP/1 wt% FA). The so-called "functionalizing agent of Na-MMT" which is constituted by the peroxide, sulfur, and accelerator was also used as crosslinking agent of PP [22] . Accordingly, an additional study of crosslinked PP has been done, with a view of evaluating and explaining the effect of functionalizing agents on the structure of PP. Also for understanding the effect of FA on neat PP structure, the same amount of functionalizing agent that was added to Na-MMT was used to PP. The amount of sulfur and peroxide was PP+ (Na-MMT +1 wt% FA)
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1 wt% and the accelerator was 1/4 of the sulfur and peroxide concentration.
PAfs/PP Composites Preparation Surface Treatment of Polyamide Fibers (PAfs).
Surface treatment of the polyamide fibers was carried out by stearic acid in order to increase the number of reactive groups and improve the fibers dispersion in f-Na-MMT/PP nanocomposite. First of all, PAfs were chopped into about 4 mm. Then, the obtained short fibers were washed with distilled water in order to remove the possible surface impurities and dried in vacuum oven at 60 ∘ C. 25 mg of stearic acid was dissolved in 200 ml of toluene at ambient temperature by continuous magnetic stirring of solution for 20 min. Then, 3 g of PA fibers was added to toluene/stearic acid solution under a magnetic stirring at ambient temperature for 12 h in order to complete the reaction between stearic acid with polyamide fibers surface and to improve the dispersion of the fibers into the solution. Following the treatment, PAfs were thoroughly washed with distilled water and dried in vacuum oven at 60 ∘ C for 8 h.
Two series of PAfs/PP composites containing 5 wt% PAfs treated and untreated fibers were prepared. The fibers were dispersed in the PP pellets in the solid state; thereafter, the obtained mixture was inserted into Brabender plastograph chamber.
f-Na-MMT/PAfs/PP Hybrid Composites.
PAfs/f-Na-MMT/PP hybrid composites were prepared by adding 5 wt% of treated polyamide fibers (t-PAfs) to different recycled nanocomposites 3, 5, and 7 wt% f-Na-MMT/PP which were prepared and grinded as it was explained above in the section of f-Na-MMT/PP nanocomposites preparation. Sample designation and composition of hybrid composites are presented in Table 1 .
Scheme 1 shows the schematic processing steps of the hybrid composite preparation.
Characterizations
FTIR Measurements.
FTIR spectra of film samples were recorded using a Perkin Elmer Spectrum 1000 spectrometer with a resolution of 4 cm −1 within 200 scans (PerkinElmer, USA). IR spectra were obtained for different composites film samples in the region from 400 to 4000 cm −1 .
Wide-Angle X-Ray Scattering (WAXS).
The crystalline structure was determined by WAXS analysis. WAXS profiles were recorded on a Seifert diffractometer (Rich. Seifert & Co., 
Differential Scanning Calorimetry (DSC) Measurement.
Thermograms of all composites were obtained using a Q200 instrument (TA Instruments, USA). The calorimetric runs were performed using (±10 mg) of each simple with a heating rate of 5 ∘ C/min. The samples were heated up to 200 ∘ C and maintained at this temperature during 5 min and then samples were cooled down to 25 ∘ C with a cooling rate 5 ∘ C/min. After that, a second heating was effectuated.
Optical Light Polarized Microscopy.
Polarized light microscopy (Olympus bx50, USA) examinations were carried out on both sides of the cast samples.
Scanning Electron Microscope (SEM) Observation.
The cross section of the tensile fractured surface of specimens was examined using an environmental scanning electron microscope (QUANTA-FEG 600, FEI Company, France). shows the quartz present in Na-MMT [31] . Figures 1(a), 1(b) , and 1(c) display the FTIR spectra of different nanocomposites and crosslinked polypropylene (1 wt% FA/PP). From the results presented in Figure 1(a) , it was observed that the peak related to Na-MMT octahedral structure peak at 3623 cm −1 remained with a weak intensity in the spectra of 3 and 7 wt% f-Na-MMT/PP; however, this peak disappeared with 5 wt% f-Na-MMT. In addition, weak peaks associated with the tetrahedral structure of Na-MMT at 1639 cm −1 , 1045 cm −1 , and at 529 cm −1 remained in the final structure of the different nanocomposites samples with strong intensities in the case of PP/3 and 7 wt% f-Na-MMT as shown in Figures 1(b) and 1(c) . This result can be explained by the reaction between the functionalizing agent used and Na-MMT which is a redox reaction that involves the octahedral crystalline portion. Thus, the organometallic components of Na-MMT octahedral structure react in the presence of cations supplied by decomposition of the peroxide and the accelerator [32] . According to Bouhelal et al. [24] , the technique of crosslinking by reactive extrusion that has been used in this present study gave rise to a partial or total exfoliation (4 wt% clay) with the absence of intercalated structure [25] .
Results and Discussions
Fourier Transform Infrared Spectroscopy (FTIR).
The different weak bands at 1700 cm Figure 3 : Fourier transform infrared spectroscopy (FTIR) spectra of (a, b) 5 wt% t-PAfs/3, 5, and 7 wt% f-Na-MMT/PP hybrid composites.
also in the chemical crosslinking process of PP, which was proved by the appearance of the and -crystalline forms in the WAXS patterns of crosslinked PP and f-Na-MMT/PP nanocomposites. Figure 2 displays the FTIR spectra of PP and different composites based on treated polyamide fibers (t-PAfs) and untreated polyamide fibers (PAfs) reinforced polypropylene (PP). Remarkable changes in intensities between the PP spectrum and the spectra of composites were seen. Both composites based on PA treated fibers and untreated fibers present a large absorption band in the interval 2960-2850 cm −1 which indicates the symmetric stretching vibration peak of (-CH 2 − ) group at 2850, and the absorption band of the asymmetric stretching vibration peak of (-CH 2 − ) group at 2919 cm −1 . The absorption band at 2960 cm −1 is the antisymmetric stretching vibration peak of -CH 3 . The t-PAfs/PP composite shows new bands at 1700 and at 1630 cm −1 assigned to the stretching vibration peak of the carbonyl group C=O in carboxylic acid and the combination absorbance of C=O and C-N amide I stretch. These new bands showed that FTIR spectra of treated polyamide are in good agreement with SEM observation of treated polyamide fiber, in which polyamide fibers exhibit rough surface.
FTIR spectra of PP and t-PAfs/f-Na-MMT/PP hybrid composites are shown in Figure 3 . Different bands related to tetrahedral structure of Na-MMT were clearly observed in the spectra of all composites. Two characteristic weak bands of Na-MMT at 3635 cm −1 and at 3410 cm −1 related to the OH of the Al-OH and to the stretching and bending vibrations for the hydroxyl groups of water molecules were, respectively, shown. In addition, bands at 1639, 692, and 529 cm
associated with water molecules, quartz, and Si-O bending vibrations were, respectively, observed as seen in Figures  3(a) and 3(b) . However, the band situated at 3623 cm −1 that attributed to Na-MMT octahedral structure disappeared in the FTIR spectra of all composites. The disappearance of the characteristic peaks of the Na-MMT octahedral layers from the FTIR spectra is in good agreement with the obtained FTIR results of 5 wt% f-Na-MMT/PP nanocomposite as has been discussed above, what led to confirm the exfoliation of the Na-MMT layers in PP with the presence of t-PAfs. Owing to the fact that the different nanocomposites were reprocessed in the second melt mixing cycle in which the polyamide fibers were added and that the characterizations were carried out in the samples which are able to be molten again and form films using compression molding, we can conclude that the recycled f-Na-MMT/PP nanocomposites have been successfully produced. Some bands associated with the crosslinked PP with FA as indicated above in crosslinked PP spectrum (Figures 1(b) and 1(c) ) were further observed. The presence of the t-PAfs in f-Na-MMT/PP nanocomposite matrix was proved by FTIR results, in which a new characteristic strong band at 3300 cm −1 of bending vibration in primary amine was observed in Figure 3(a) , and three bands situated at 1700 cm −1 , 1540 cm −1 , and 1200 cm −1 were assigned to the stretching vibration peak of the carbonyl group (C=O) in carboxylic acid, the combination absorbance of the N-H and C-N amide II stretch and C-N stretch, respectively.
Wide-Angle X-Ray Scattering (WAXS).
The structure of PP/5 wt% t-PAfs was evaluated by a wide-angle X-ray scattering method. On the basis of the WAXS patterns are shown in Figure 4(a) . Only characteristic peaks of form PP The effect of FA on the structure of PP has been studied. Crosslinked PP is shown in Figure 4(b) . The WAXS pattern shows two new weak peaks at 16.2 and 20.1 (2 ) which are characteristic of the (300) planes of PP -crystalline form and the (130) or (117) planes of the -crystalline, respectively. It can be seen also in Figure 4 (b) that the intensity of the reflection at 16.7 (2 ) is higher than that of PP which is due to the appearance of the -crystalline form in the crosslinked PP, as both -and -forms show a reflection in this position. Figure 5 shows the X-ray diffraction patterns of 3, 5, and 7 wt% f-Na-MMT/PP nanocomposites. From this figure it (117) planes of the -crystalline form, and the quartz accompanying the Na-MMT which was shown with much less intensity. The characteristic peak of the d 001 spacing of Na-MMT, indicated by an arrow, appeared with a weak intensity in 7 and 3 wt% f-Na-MMT. However, it disappeared in the case of PP with 5 wt% f-Na-MMT. According to Giannelis et al. [16, 33] the disappearance of peak indicates the separation of clay layers (exfoliated structure) and the formation of nanocomposites. The two new peaks at 16.2 and 20.1 have been already presented in the diffractogram of the crosslinked sample having no Na-MMT (Figure 4(b) ). On the work conducted by Bouhelal et al. [24] based on the development of iPP/clay nanocomposites, it was found that 4 wt% clay gave a rise to a partial or total exfoliation in which the reactive extrusion technique was used. Further, in this present study the exfoliation of the Na-MMT layers was given with 5 wt% f-Na-MMT. Figure 6 displays the WAXS patterns of t-PAfs/f-Na-MMT/PP hybrid composites. It was observed that the presence of PAfs with Na-MMT do not give any significant difference compared with the WAXS patterns of nanocomposite ( Figure 5 ). The same additional peaks are shown, with the disappearance of the weak peak assigned to the quartz in nanocomposites samples and the peak related to -crystalline form at 16.2 in 7 wt% t-PAfs/f-Na-MMT hybrid. Also, it can be seen that the characteristic peak of the d 001 spacing of Na-MMT shifted to higher diffraction angles unlike the diffraction angle of Na-MMT which was found in the PP/Na-MMT nanocomposites. The exfoliation of the Na-MMT layers was given with 5 wt% fNa-MMT also as it has been explained above in the Xray diffraction patterns of f-Na-MMT/PP nanocomposites ( Figure 5) .
From the WAXS patterns, the degree of crystallinity ( ) can be measured using the following equation [34] : 
where and present the integrated intensities of crystalline and amorphous phases, respectively, which were determined by deconvolutions of WAXS patterns. We have also estimated the content of form and of the -form in all the studied samples according to the method of Jones et al. [35, 36] (Table 2 ):
The obtained degree of crystallinity ( ), , and are collected in Table 3 . It is clearly observed that the degree of crystallinity ( ) seems to be relatively constant with the different composites (nanocomposites and hybrid composites) in comparison with the neat iPP; however, it is lower in the case of t-PAfs/PP. The degree of crystallinity of different composite is consistent with DSC results. A gradual increase of value has been noted in different nanocomposite samples. It increases from 0.32 in the crosslinked PP, up to 0.55 for the samples with 3-7% of clay, while these values decrease to 0.36 and 0.45 for the 3 and 7 wt% and 5 wt% hybrid samples.
Concerning the value, its contribution reaches the highest value in the sample with 7 wt% of Na-MMT. However, it was observed that the peak related to -crystalline disappeared in 7 wt% Na-MMT/5 wt% PAfs. The diminution and values in hybrid composites can be explained by the presence of polyamide fibers. Figure 7 displays the DSC thermographs of t-PAfs/PP composite, f-Na-MMT/PP nanocomposites, and hybrids. The DSC results are displayed in Table 3 . The degree of crystallinity of PP and different composites was determined according to (3) , in which Δ is the melting enthalpy of PP and Δ 0 presents the heat of fusion of 100% crystalline polypropylene, at the equilibrium melting point, 0 = 187.5 ∘ C. A literature value of 207.33 J/g Δ 0 was used (Wunderlich [37] 
DSC Analysis.
However, in the present study, the degree of crystallinity was determined with the application of a correction factor in order to take into consideration the amount of fillers (PAfs and Na-MMT) in different composites. Thus, accurate values of reported were obtained from the following equation, where ( ) corresponds to the weight percentage of fillers in the composite:
It can be seen in Figures 7 and 8 and Table 3 that the melting temperatures of different composites are about 159 ∘ C, slightly lower than 161 ∘ C of pure PP. the melting temperatures of f-Na-MMT/PP increased slightly with increasing of f-Na-MMT amount. However, in the case of hybrid composites, in which 5 wt% of t-PAfs was added to 3, 5, and 7 wt% f-Na-MMAT/PP nanocomposites, a constant value of melting temperature is observed that is almost between the melting temperature of t-PAfs/PP composite and different nanocomposites. The crystalline peak temperature ( ) of the pure PP is increased slightly with 5 wt% t-PAfs. Meanwhile, is increased significantly with different f-Na-MMT/PP nanocomposites and hybrids. MMT and t-PAfs act as nucleating agents, which increase the crystallization temperature of PP matrix. The addition of 5 wt% t-PAfs to 7 wt% f-Na-MMT/PP nanocomposite increased by up to 4 ∘ C compared to 5 wt% tPAfs/PP composite. This result indicates that the nucleating effect of MMT was further strengthened by the addition of polyamide fibers.
Optical and Scanning Electron Microscopy.
To show the matrix/fiber adhesion and hybrid composite morphology, polarized optical microscopy (POM) and scanning electron microscopy (SEM) investigations were used. The POM images of 5 wt% t-PAfs/PP composite and 5 wt% fNa-MMT/5 wt% t-PAfs/PP hybrid composite are shown in Figure 9 . The polyamide fibers generally seem to be well dispersed. Also, some agglomerations were observed (see Figure 9 (a)). Figure 9(b) shows the POM image of hybrid composite in which a good dispersed polyamide fiber was shown and with less agglomeration than t-PAfs/PP composite due to the presence of Na-MMT in the matrix. Length reduction of fibers was observed that can be explained by the effect of the intense shearing involved in the closed chamber of the Brabender plastograph.
International Journal of Polymer Science Scanning electron micrographs (SEM) of untreated and treated polyamide fibers PAfs are shown in Figure 10 . It can be observed that the untreated fibers showed a smooth surface while the images of treated surface polyamide fibers exhibit rough surfaces, which proved the effect of the treatment.
Scanning electron micrographs of the tensile fractured surface of 5 wt% PAfs/PP composite and 5 wt% t-PAfs/5 wt% f-Na-MMT/PP hybrid composite are shown in Figure 11 . Figures 11(a) and 11(b) show the SEM micrographs of 5 wt% PAfs/PP and 5 wt% t-PAfs/PP composites, respectively. For the composite based on untreated polyamide fibers, fibers pull-out, the absence of polymer attached to the fiber surface, and fiber fracture clearly indicate a very limited adhesion between PP and fibers ( Figure 11(a) ). On the other hand, in the case of t-PAfs/PP composite, fibers pull-out and debonding reduced significantly and the adhesion between fiber and matrix improved strongly. In addition, it was observed that the fibers folded with no fiber pull-out after tensile test what confirm that the interfacial adhesion of the treated fiber composites is much better than that of the untreated fiber composite.
Figures 11(c) and 11(d) show the SEM micrographs of the tensile fractured surface and the stretched surface of hybrid composite. It can be observed from the micrograph Figure 11 (c) that the addition of t-PAfs in Na-MMT/PP nanocomposite gives rise to a good interfacial adhesion which can be confirmed by the few voids appearing in the surface of stretched tensile specimen shown in Figure 11 (d).
Conclusions
From the obtained results by different experimental methods, the following conclusions can be summarized. The reactive melt mixing method using the functionalizing agent successfully gives rise to a total or partial exfoliation with 5 wt% of f-Na-MMT as has been proven with FTIR and WAXS results. The t-PAfs can be effectively incorporated in f-Na-MMT/PP recycled nanocomposite matrix. The differential scanning calorimetry (DSC) measurements indicate the nucleating effect of f-Na-MMT and t-PAfs. The treatment of polyamide fiber surface with stearic acid is a simple and a successful method that enhances the adhesion with the f-Na-MMT/PP recycled nanocomposite. A good dispersion of the fibers with a noticeable improvement of the interfacial adhesion between PP and treated PAfs phases was observed.
